Spinach (Spinacia oleracea L.) is widely cultivated as an economically important green leafy 24 vegetable crop for fresh and processing consumption. The red purple spinach shows abundant 25 anthocyanin accumulation in the leaf and leaf petiole. However, the molecular mechanisms of 26 anthocyanin synthesis in this species are still undetermined. In the present study, we investigated 27 the pigments formation and identified anthocyanin biosynthetic genes in spinach, and performed 28 the expression analysis of anthocyanin related genes in the purple and green cultivar by 29 quantitative PCR. Results showed that accumulation of anthocyanin was the dominant pigment 30 resulting in the red coloration in spinach, and 22 biosynthesis genes and 25 regulatory genes were 31 identified in spinach, based on the spinach genomic and transcriptomic database. Furthermore, the 32 expression patterns of genes encoding enzymes indicated that SoPAL, SoUFGT3 and SoUFGT4 33 were possible candidate genes for anthocyanin biosynthesis in red purple spinach. The expression 34 patterns of transcription factors indicated that two SoMYBs, three SobHLHs and one SoWD40 35 were drastically up-regulated and co-expression in red purple spinach, suggesting an essential role 36 of regulatory genes in the anthocyanin biosynthesis of spinach. The results above enhanced our 37 understanding about the molecular mechanisms of anthocyanin biosynthesis in purple spinach. Color is one of the most important determinants of vegetable crop quality. The red coloration is an 54 attractive feature in many vegetables, fruits, and other plant tissues, and is associated with 55 anthocyanin accumulation. Anthocyanins, as an important subclass of flavonoids, are the main 56 water-soluble pigments, playing an important role in physiological processes in plants; 57
Spinach (Spinacia oleracea L.) is widely cultivated as an economically important green leafy 24 vegetable crop for fresh and processing consumption. The red purple spinach shows abundant 25 anthocyanin accumulation in the leaf and leaf petiole. However, the molecular mechanisms of 26 anthocyanin synthesis in this species are still undetermined. In the present study, we investigated 27 the pigments formation and identified anthocyanin biosynthetic genes in spinach, and performed 28 the expression analysis of anthocyanin related genes in the purple and green cultivar by 29 quantitative PCR. Results showed that accumulation of anthocyanin was the dominant pigment 30 resulting in the red coloration in spinach, and 22 biosynthesis genes and 25 regulatory genes were 31 identified in spinach, based on the spinach genomic and transcriptomic database. Furthermore, the 32 expression patterns of genes encoding enzymes indicated that SoPAL, SoUFGT3 and SoUFGT4 All the sequences of anthocyanin biosynthesis and regulatory genes were downloaded from the 135 NCBI database (https://www.ncbi.nlm.nih.gov/). The spinach genome and transcriptome 136 sequences (http://www.spinachbase.org/cgi-bin/spinach/index.cgi) were used to identify the 137 anthocyanin biosynthesis and regulation genes in spinach using BLASTN and BLASTP with a cut 138 off E-value ≤ 1E−10 and coverage ≥ 0.75. All of the putative genes obtained were submitted to 139
Pfam to confirm the presence of the relevant domain. The theoretical isoelectric point (pI) and 140 molecular weight (Mw) were identified by ProtParam tool (http://web.expasy.org/protparam/). 141
Sequence Alignment and Phylogenetic Analysis 142
Multiple alignments of protein sequences from spinach were performed using the ClustalW 143 program. A phylogenetic tree was constructed by the neighbor-joining method using MEGA4 144 (Tamura et al. 2007) , with the Poisson correction, random seed of phylogeny test, and pairwise 145 deletion option parameters enabled. The reliability of the trees obtained was tested using a 146 bootstrap analysis with 1,000 replicates; only clades with a test value higher than 50 were selected 147 for the consensus tree. Images of the phylogenetic trees were also drawn using MEGA4. 148
RNA extraction and real-time qRT-PCR analysis 149
Amount of the transcripts in the green cultivar SP2 was set at 1.0. A total of 34 gene specific 155 primer pairs for anthocyanin biosynthesis and regulation genes were designed using Primer 156
Premier 5, and were synthesised from Sangon Biotech (Shanghai) Co., Ltd. The primers used are 157 listed in Suppla. 158
Statistical analysis 159
Statistical analysis was performed using Excel and SAS software. Significant differences were 160 calculated using the Student's t test at 95% confidence limit. 161
162

Results
163
Accumulation of anthocyanins in different spinach species 164
The concentrations of anthocyanins, chlorophylls, and carotenoids in leaves and leaf petioles of 165 two different spinach cultivars were measured, and the total phenolics and polyphenol contents 166 were detected. Results showed that the anthocyanins contents of leaves and leaf petioles of red 167 purple variety SP106 were 37.1 and 40.7 µg/g FW, respectively. Comparatively, the anthocyanins 168 contents of green leaf variety SP2 were almost undetected ( Fig 1A) . Besides, significant difference 169 of total phenolics and polyphenol contents was also found between the leaf of SP106 and SP2 (Fig  170   1B have not yet been mapped onto a chromosome. 184
The predicted protein sequence of SoUFGTs was aligned with others UFGTs involved in 185 anthocyanin regulation in other species, and the phylogenetic tree was constructed (Fig. 2) . 186
Sequence alignment analysis suggested that the UFGTs proteins all have a glycosyl transferase 187 domain, which is a necessary motif for UFGTs ( Fig. 2A) . Phylogenetic analysis of UFGTs showed 188 that UFGTs were formed three clearly separates clades (Fig. 2B ). SoUFGT1 and SoUFGT2 189 showed high similarity to AtUGT79B1 (56.9 % and 56.1 % amino acid identity, respectively), and 190 clustered into one clade. SoUFGT3 shared 62.9 % identity with StUFGT, SoUFGT4 and 191 SoUFGT5 shared 46.8 % and 34.8 % identity with PaUFGT, respectively (Fig. 2) . 192
Identification and analysis of anthocyanin regulatory genes in spinach 193
D r a f t in Sg7 (Spo17636 and Spo01215, renamed as SoMYB1 and SoMYB2, respectively) (Fig. 3A) , 199
and their deduced proteins both have MYB-like domains (Fig. 3B) ; no SoMYBs were found in 200 Sg6 and Sg15. The predicted protein sequence was aligned with MYBs known to control 201 anthocyanin gene expression in other species (Fig. 3) . Among the Sg4 members, SoMYB3, 202 SoMYB4 and SoMYB5 clustered together with PtMYB057, AmMYB330 and PhMYB4, sharing 203 with 55.9 %, 56.4 % and 62.5 % identity, respectively, and shared high identity with GmMYBZ2 204 and GmMYB48. Sg7 members SoMYB1 and SoMYB2 clustered together and showed closest 205 homology to VvMYBF1 and DkMYB4, respectively. Sg5 member SoMYB6 clustered together 206 with AT5G35550 and OsMYB3 (Fig. 3) . 207
Phylogenetic analysis was performed using 107 spinach SobHLHs and 151 AtbHLHs, which 208 were divided into 32 subfamilies (Suppld). Consequently, 15 SobHLHs involved in regulation of 209 flavonoid or anthocyanin metabolism were identified, inculding six SobHLHs in subfamily2 210 (Spo01207, Spo01158, Spo02407, Spo02408, Spo23296 and Spo26018, renamed as 211 SobHLH1-SobHLH6, respectively), one SobHLH in subfamily5 (Spo04675, renamed as 212 SobHLH7) and eight SobHLHs in subfamily24 (Spo01327, Spo08670, Spo08635, Spo21887, 213 Spo10465, Spo20776, Spo14554 and Spo08210, renamed as SobHLH8-SobHLH15, respectively) 214 ( respectively. SoWD40-3 and SoWD40-4 showed high homology with PpTTG1 and GhTTG2, 228
sharing with 78.6 % and 88.2 % identity, respectively (Fig. 5 and Supplf) . 229
In total, 25 possible regulatory genes (6 SoMYBs, 15 SobHLHs and 4 SoWD40s TFs) were 230 identified as candidates to be the regulators of the anthocyanin accumulation in spinach, and the 231 detailed informfations are shown in Supplg. 232
Expression patterns of anthocyanin biosynthesis genes in different cultivars 233
In order to investigate the mechanisms underlying the anthocyanin accumulation in red purple 234 spinach, the transcripts of anthocyanin biosynthetic enzymes and regulatory genes were examined 235 in the leaves and leaf petioles of the two cultivars by qPCR. Except for SoDFR and SoUFGT1, the 236 expression of anthocyanin biosynthetic genes SoPAL, SoC4H, So4CLs, SoCHSs, SoCHI, SoF3Hs, 237 D r a f t leaves of SP106; SoPAL, So4CL2, SoUFGT3 and SoUFGT4 displayed high expression levels (200 243 folds changes at least) in the leaves of SP106; the expression levels of SoUFGT2, SoUFGT5, 244 SoCHI, SoF3'H, SoFLS1, SoC4H, SoCHS1 and SoCHS2 showed at least 15 fold changes between 245 SP106 and SP2 (Fig. 6 ). Whereas in leaf petioles, the relative expression level of SoPAL, 246
SoUFGT2, SoUFGT3 and SoUFGT4 were significantly upregulated in SP106, comparing to SP2. 247
The others structural genes showed no significant difference among two cultivars or even 248 down-regulated expressing in SP106 (Fig. 6) . 249
Expression profiles of the transcription factors in different cultivars 250
To verify whether any of the regulatory genes controlling the transcription of anthocyanin 251 structural genes in spinach, the transcripts of identified MYBs, bHLHs, and WD40s were examined. 252
In the results shown in Figure 7 , the expression of SoMYB1 and SoMYB5 was detectable in all 253 tested samples being highest in leaves of SP106, with more than eight fold higher than that of SP2, 254 and displayed slightly changes between the petioles of SP106 and SP2 (Fig. 7) . The transcript 255 level of SoMYB4 in leaves was more than 15 fold higher than that in leaves of SP2, but was 256 remarkable lower in petioles of SP106 than that in SP2 (Fig. 7) . The expression of SoMYB2, 257
SoMYB3 and SoMYB6 was no detectable in two spinach cultivars. 258
The four SoWD40s were found to have a higher expression profile in leaves of SP106 than 259 that in SP2. The expression levels of SoWD40-1 and SoWD40-4 in leaves of SP106 were about
The relative expression level of most SobHLHs was detectable in all tested samples, except 265 for six SobHLHs genes (SobHLH3, SobHLH4, SobHLH6, SobHLH7, SobHLH11 and SobHLH12) . 266
The expression of SobHLHs presented similar expression patterns with SoWD40s and SoMYBs, 267 displaying high expression levels in leaves of SP106, and showing at least 20-fold higher than 268 those in SP2. The expression levels of SobHLH5, SobHLH9, SobHLH10, SobHLH13, SobHLH14 269 and SobHLH15 in petioles of SP106 were extraordinary higher than in SP2. There were no 270 significant differences in the transcript level of SobHLH1 and SobHLH8 among petioles of two 271 cultivars. 272
Spinach is cultivated worldwide as an economically important green leafy vegetable crop for fresh 275 and processing consumption (van Treuren et al. 2011) , and is considered one of the healthiest 276 vegetables in the human diet due to its high concentration of nutrients and health-promoting 277 compounds (Correll et al. 2011; Lester et al. 2013) . Anthocyanins are an important quality for 278 vegetables, and research into anthocyanin biosynthesis may facilitate improvement of the quality 279 of vegetables productions. However, the anthocyanin accumulations and molecular mechanisms of 280 anthocyanin synthesis are not well studied. In the study, we investigated the pigments formation in 281 two spinach cultivars, identified candidate genes, and detected the expression changes of genes 282 involved in anthocyanin accumulations in two tissues. The results above enhanced our 283 understanding about the molecular mechanisms of anthocyanin biosynthesis in spinach.D r a f t formation of plants. In this study, we measured the contents of anthocyanin, chlorophyll, 287 carotenoids, total phenolics and polyphenol in leaves and leaf petioles. The results showed that red 288 purple cultivar showed remarkable differences of anthocyanins, total phenolics and polyphenol 289 contents comparing to green cultivars (Fig 1) . However, the contents of chlorophyll a, chlorophyll 290 b and carotenoid are no different between two spinach varieties (Supplb). Those results indicated 291 that the accumulation of anthocyanins is the main pigment responsible for red coloration in 292 spinach. Previous reports have showed that the high amount of anthocyanins in the purple 293 cultivars indicates a high ability to synthesize and accumulate anthocyanins, and the drastic 294 differences in anthocyanin accumulation arise from cultivar and genetic specificity (Rahim et al. 295 2014; Yang et al. 2015) . 296
Anthocyanins biosynthesis genes in spinach 297
The completion of spinach genome sequencing and released transcriptome has provided 298 researchers with an opportunity to identify genes involved in anthocyanin biosynthesis (Dohm et 299 al. 2014; Xu et al. 2015a ). In the present study, we identified 22 putative anthocyanin biosynthetic 300 genes ( Table 1) have a glycosyl transferase domain ( Fig. 2A) , and showed high similarity to UFGTs involved in 311 anthocyanin synthesis in other plants (Hu et al. 2011; Yonekura-Sakakibara et al. 2012) . 312
Phylogenetic analysis also revealed close relationships among UFGTs of anthocyanin 313 accumulation plants (Fig. 2B) , suggesting that SoUFGTs may be the key enzyme genes controlling 314 the biosynthesis of anthocyanin in spinach. Fig. 2-4) . All the SoMYBs, SobHLHs and SoWD40s had conservation domains, and showed 322 closest homology to known genes controlled anthocyanin gene expression (Fig. 3-5) . gen-2017-0261Suppla: Characteristics of the predicted anthocyanin regulatory genes in spinach.
gen-2017-0261Supplb: Sequences of primers used for qRT-PCR in this study.
gen-2017-0261Supplc:
The contents of chlorophyll a, chlorophyll a and carotenoid in two spinach cultivars. Number 1-4 represent the leaf of SP2, leaf of SP106, leaf petioles of SP2 and leaf petioles of SP106, respectively. Error bars represent standard deviation among three independent replicates. Data are the mean ± SD of three independent replicates. Lowercase letters represent significant differences at P < 0.05. 
